Recent Cosmic Microwave Background (CMB) temperature and polarization anisotropy measurements from the Planck mission have significantly improved previous constraints on the neutrino masses as well as the bounds on extended models with massless or massive sterile neutrino states. However, due to parameter degeneracies, additional low redshift priors are mandatory in order to sharpen the CMB neutrino bounds. We explore here the role of different priors on low redshift quantities, such as the Hubble constant, the cluster mass bias, and the reionization optical depth τ . Concerning current priors on the Hubble constant and the cluster mass bias, the bounds on the neutrino parameters may differ appreciably depending on the choices adopted in the analyses. With regard to future improvements in the priors on the reionization optical depth, a value of τ = 0.05 ± 0.01, motivated by astrophysical estimates of the reionization redshift, would lead to mν < 0.0926 eV at 90% CL, when combining the full Planck measurements, Baryon Acoustic Oscillation and Planck clusters data, thereby opening the window to unravel the neutrino mass hierarchy with existing cosmological probes. 
I. INTRODUCTION
Recent Plank measurements of the Cosmic Microwave Background (CMB) temperature and polarization anisotropy offer a unique test of some particle properties which still remain unknown [1] . The absolute neutrino masses and their ordering are among the most frequently exploited topics in the literature (see e.g. Refs. [1] [2] [3] [4] ). The most stringent bound quoted from the Planck collaboration, combining their CMB measurements with Baryon Acoustic Oscillations (BAO) is m ν < 0.17 eV at 95% CL [1] . However, this is certainly not the most restrictive constraint to date. Measurements of Lyman α absorption in distant quasar spectra tighten the previous bound to m ν < 0.12 eV at 95% CL [5] , based on new hydrodynamical simulations, especially devoted to keeping systematic uncertainties under control. Therefore, the role of low redshift observables (such as the Lyman α forest, the BAO signal, the Hubble constant H 0 or the constraints from the cluster redshift distribution) is crucial, as these measurements help enormously in pinning down the CMB neutrino mass constraint. Among these possible external data sets, we focus here on direct measurements of the Hubble constant H 0 and the cluster number counts, as their constraining power on m ν strongly depends of the choice of priors. Concerning the former, there are currently at least two possible H 0 measurements one may apply, which would lead to different m ν constraints. Regarding the latter, the prior on the cluster mass bias is a critical quantity which could even lead to non-zero neutrino masses. We will explore here the different neutrino mass bounds that are obtained with the possible prior choices on H 0 and on 1 − b, the cluster mass bias. Furthermore, we shall also illustrate the impact on neutrino mass bounds from a near future and improved prior on an additional low redshift quantity, the reionization optical depth τ . The prior used here focus on a lower value of τ , and it is motivated by hints from high-redshift quasar absorption and Lyman α emitters.
The structure of the paper is as follows. We start in Sec. II with a description of the three different cosmological models explored here, which account for different neutrino parameters. The basic cosmological data sets used in our analyses are also detailed in this first section. Section III presents the results of our numerical analyses in each of the three neutrino scenarios considered here, focusing on the role of the Hubble constant, cluster mass bias, and reionization optical depth priors. We conclude in Sec. IV.
II. METHODOLOGY
We analyze here three different scenarios, by varying the following set of parameters:
where we have the six parameters of the ΛCDM model, i.e. the baryon Ω b h 2 and the cold dark matter Ω c h 2 energy densities, the ratio between the sound horizon and the angular diameter distance at decoupling Θ s , the reionization optical depth τ , and the inflationary parameters, the scalar spectral index n s and the amplitude of the primordial spectrum A s . Moreover, we allow for variations in this model, exploring three different scenarios, m ν = 0.06 eV, as indicated by neutrino oscillation data. In principle, one could also consider the lightest neutrino mass eigenstate as the free parameter (instead of m ν ), and derive, making use of the neutrino mass splittings, the total neutrino mass. In such a case, two different runs, one for the normal hierarchy, and a separate one for the inverted hierarchy, would be needed. However, the bounds presented here will not change much in this situation, given the data sets exploited, which are mostly only sensitive to the total neutrino mass, and not to the hierarchical structure of the neutrino mass, i.e. their mass distribution (see, for example, [6] ).
For all these parameters, we use the flat priors listed in Table I .
A. Cosmological data
We constrain the cosmological parameters previously described by using several combination of data sets. Our CMB measurements are those from the full Planck 2015 release on temperature and polarization CMB angular power spectra [1, 7] . The large angular scale temperature and polarization measured by the Planck LFI experiment is combined with the small-scale TT temperature spectrum measured by Planck HFI, and we refer to this data set as Planck. Moreover, when adding to this combination the small-scale TE and EE polarization spectra measured by Planck HFI, we shall refer to this data set as Planck pol.
We consider also measurements of the large scale structure of the universe in their geometrical form, the Baryon Acoustic Oscillations (BAO) data. We include the 6dFGS [8] , SDSS-MGS [9] , BOSS LOWZ [10] and CMASS-DR11 [10] measurements as in [1] , referring to the combination of all of them as BAO.
Then, we study the impact of the most relevant low redshift priors (concerning neutrino physics limits). First, we impose five different gaussian priors on the Hubble constant. Then, we consider the second Planck cluster catalog obtained through the Sunyaev-Zel'dovich (SZ) effect, analysing the impact of the different cluster mass biases, referring to this data set as SZ. Finally, we study the effect of lowering the prior on the reionization optical depth τ , as preferred by astrophysical measurements. In particular, we use two gaussian priors, τ = 0.06 ± 0.01 and τ = 0.05 ± 0.01.
Our constraints are obtained making use of the latest available version of the Monte Carlo Markov Chain (MCMC) package cosmomc [11, 12] with a convergence diagnostic based on the Gelman and Rubin statistics. This includes the support for the Planck data release 2015 Likelihood Code [13] implementing an optimal sampling [12] . The foreground parameters are varied as in Refs. [1, 13] .
III. LOW-REDSHIFT PRIORS

A. Hubble constant priors
We consider here five possible constraints on the Hubble constant H 0 , without making any preference for one value over another. The goal of our paper is indeed to discuss the impact of these different priors on neutrino physics without entering the current debate if one prior is more reliable than another. The first prior on H 0 arises from the recalibration of the authors of Ref. [14] combined with the original Hubble Space Telescope (HST) measurements [15] , which leads to the value of H 0 = 73.0 ± 2.4 km s −1 Mpc −1 , hereafter H073p0 (see also Refs. [16, 17] ). The second and the third possible choices exploited here for the prior on the Hubble constant arise from a recent reanalysis of [18] . One consists of a value H 0 = 70.6 ± 3.3 km s −1 Mpc −1 (hereafter H070p6), in better agreement with Planck 2015 findings, which has been dubbed as a conservative estimate of the Hubble constant. The other value is H 0 = 72.5 ± 2.5 km s −1 Mpc −1 (hereafter H072p5). For the fourth and fifth H 0 constraints, we shall consider the values obtained by [19] , correlating the host galaxy with the intrinsic luminosity. In particular, the priors are: H 0 = 70.6 ± 2.6 km s −1 Mpc −1 (hereafter H070p6ref ), derived when using Cepheid distances calibrated to the megamaser NGC 4258, Milky Way parallaxes, and LMC distance, and H 0 = 68.8 ± 3.3 km s −1 Mpc −1 (hereafter H068p8) obtained when using Cepheid distances calibrated solely with the distance to the NGC 4258 megamaser. In the following we shall explore the impact of all these possible priors on the neutrino parameters, without preferring one value over another, in order to avoid biases due to the choice. In fact, even if there is a tension at about 0.25 0.50 0.75 1.00 2σ between some of them, in particular H073p0, and the H 0 value we have from Planck data, we have no clear justification at the moment to consider them affected by systematics. Furthermore, the tension is considerably reduced when varying the neutrino effective number N eff . Moreover, the constraints obtained combining Planck pol with H073p0 are consistent with those ones obtained with BAO measurements, where there is no indication of bias. We warn however again the reader to do not immediately consider the constraints that contains the H073p0 prior at the same level of fidelity of those based on the inclusion of the BAO dataset or of more conservative Hubble constant priors, especially when they are ruling out at 95% CL significant regions of the neutrino parameter space.
There exists a strong, well-known degeneracy between the neutrino mass and the Hubble constant (see e.g. [20] and Fig. 1 ). In the absence of an independent measurement of H 0 , the change in the CMB temperature anisotropies induced by the presence of massive neutrinos (which shifts the location of the angular distance to the last scattering surface) can be easily compensated by a smaller value of the Hubble constant. Therefore, the parameters m ν and H 0 , when extracted from CMB data only, exhibit a very large degeneracy, see the cyan contours of Fig. 1 . Indeed, the 95% CL bound on m ν from P lanck data set is 0.754 eV. The addition of high multipole polarisation data (i.e. Planck pol ) leads to m ν < 0.497 eV at 95% CL. The reason for this improvement is due to the fact that polarization measurements alleviate many parameter degeneracies, among Tables II and III , that adding a prior on H 0 improves enormously the bounds on m ν . The addition of the H073p0 prior has a much larger impact than the other ones, since it is associated to a larger Hubble constant, and this quantity is anti-correlated with m ν . The 95% CL on the total neutrino mass is 0.180 eV. From the results from our MCMC analyses (some of them not depicted in Table II ) we conclude that the only data combination which provides competitive neutrino mass limits to those obtained with CMB measurements plus the H073p0 prior is the one obtained combining Planck with BAO data. Both full-shape halo measurements and the others priors on the Hubble constant lead to weaker neutrino mass constraints.
Concerning the effective number of relativistic species N eff , the addition of Planck polarisation measurements leads to a major improvement in its 95% CL bound, see Table IV , in which we show the results within the m ν + N eff model for the same data combinations of Table II . The constraints on the total neutrino mass are less restrictive in this more general scenario, given the strong degeneracy between m ν and N eff : a larger matter density can be compensated with an extra radiation component, and, consequently, m ν and N eff are positively correlated. Figure 2 shows that the Hubble constant H 0 and N eff are also positively correlated, as the shift in-duced in the matter-radiation equality era by a larger N eff > 3.046 can in principle be compensated with a larger value of the Hubble constant, assuming that the matter-radiation equality redshift and the angular size of the horizon at recombination are free parameters. The measurements from Planck of the CMB damping tail alleviate this degeneracy (as a value of N eff > 3.046 will induce a higher expansion rate, which is translated into an increased Silk damping at high multipoles ). This is clear from the results shown in Table IV , where it can be noticed that the addition of the H070p6 prior to Planck measurements results in values of N eff and H 0 which are considerably smaller than the ones obtained with the H073p0 prior. Interestingly, the values obtained in the H070p6 case are in very good agreement with those found when considering Planck plus BAO data, both in the cases of P lanck and Planck pol data sets. The combination of P lanck data plus the H073p0 prior allows for the presence of an extra sterile neutrino at the ∼ 2σ level. Therefore, polarisation measurements play a major role in the constraints on the N eff parameter, as once that they are considered, the bounds on N eff become more robust and almost independent of the external priors.
However, the extra neutrino species could also be massive, as motivated by the so-called neutrino oscillation anomalies [21] . Massive sterile neutrinos do not necessarily need to have thermal abundances at decoupling, as their abundance is determined by their mixings with the active neutrino states [22] . In the following, we shall constrain simultaneously the N eff massive sterile neutrino scenario and the sum of the three active neutrino masses m ν . Therefore, the number of massive sterile neutrino species is given by ∆N eff = N eff − 3.046, and their mass is m eff s . This mass is related to the physical mass by:
in which T s (T ν ) is the current temperature of the sterile (active) neutrinos, and we have assumed that the sterile states have a phase-space distribution similar to that of the active neutrino states. Table V shows the results for m ν , N eff , m eff s and the other cosmological parameters previously considered as well. Notice that, in general, while the values of N eff and Σm ν are very similar to those obtained in the previous scenario, the value of the clustering parameter σ 8 is always reduced, as there is another source of suppression of the large scale structure growth, the sterile neutrino mass. We will see in the next section that the inclusion of the clustering data, that mostly constrain the clustering parameter σ 8 and the current universe's matter density Ω m , can help to break these degeneracies.
Concerning the reionization optical depth, its value is always increased with respect to its values in the other two previous neutrino mass models. The reason for that is due to the suppression of power on small scales induced by the presence of neutrino masses, an effect which can be compensated by increasing the amplitude of the primordial spectrum A s . From CMB temperature data 0.25 0.50 0.75 1.00 there exists a strong degeneracy between A s and τ (as long as the factor A s e −2τ is kept constant), which is broken, albeit only partially, by polarisation measurements. A higher value of A s can in turn be compensated by a larger τ , and therefore the larger the total neutrino mass is (from both active and sterile states), the larger the reionization optical depth should be. The tightest constraints in the sterile neutrino effective mass are obtained, as expected, after applying the H073p0 prior, since the Hubble constant is anti-correlated with both the active and the sterile neutrino masses.
B. Planck SZ Clusters
The largest virialized objects in the universe are clusters of galaxies, providing a unique way to extract the cosmological parameters. Cluster surveys usually focus on the cluster number count function dN/dz, which measures the number of clusters of a certain mass M over a range of redshift:
with f sky = ∆Ω/4π the fraction of sky covered by the survey and
the differential volume, which reads as
The cluster number count function is then related to its predictions within an underlying cosmological model. The main uncertainties arise from the cluster mass, determined through four main available methods: X-rays, velocity dispersion, SZ effect, and weak lensing. Therefore, a crucial parameter in the analyses is the so-called cluster mass bias factor 1 − b, which accounts for deviations between the inferred X-ray cluster mass and the true cluster mass due to cluster physics and observational and/or selection effects. The overall error in the cluster mass determination is usually around ∆M/M ∼ 10%. We exploit here the Planck Sunyaev-Zeldovich (SZ) 2015 cluster catalog, which consists of 439 clusters [23, 24] . As we shall see in the following, the prior assumptions on the cluster mass bias 1 − b (assumed to be a constant) play a major role in the neutrino mass constraints. Tables VI and VII present the constraints on the neutrino mass and on a set of cosmological parameters, previously considered as well. The prior on the cluster mass bias quantity 1−b is freely varied in the [0.1, 1.3] range. Notice that, for this choice of the cluster mass bias prior, the 95% CL neutrino mass limit after combining with P lanck is 0.206 eV, which is further reduced down to 0.184 eV when polarisation measurements are also considered in the analysis. Furthermore, we find for these cases 1 − b = 0.656 ± 0.051 and 1−b = 0.638±0.040 at 68% CL, respectively. Cluster number counts mostly constrain the clustering parameter σ 8 and the current universe's matter density Ω m , both involved in the calculation of the cluster mass function dn(z, M )/dM through N -body simulations [25] . For the first case considered here, in which the cluster mass bias is a free parameter, the mean values of the parameter σ 8 obtained in the massive neutrino scenario are close to those obtained in the simple ΛCDM scenario with m ν = 0.06 eV, and therefore one can expect very tight neutrino mass bounds. Figure 3 illustrates the strong degeneracy between the neutrino mass m ν and the clustering parameter σ 8 for several of the data combinations considered here. The tightest 95% CL neutrino mass constraint we find is m ν < 0.126 eV, arising from the combination of Planck pol, BAO, H073p0 and SZ data. As these three data sets (BAO, H073p0 and SZ) show no tension in the extraction of the different cosmological parameters (see Fig. 5 ), the neutrino mass bound arising from their combination and above quoted should be regarded as a robust limit.
Nevertheless, there exist lensing estimates of the 1 − b parameter, which we shall also exploit in the following [24] . The first two cluster mass bias priors arise from gravitational shear measurements from the Weighing the Giants (WtG) [26] and the Canadian Cluster Comparison Project (CCCP) [24] , which lead to 1 − b = 0.688 ± 0.072 and 0.780 ± 0.092, respectively. CMB lensing offers yet another way of estimating the cluster masses [27] , leading to a constraint on 1/(1 − b) = 0.99 ± 0.19 [28] . Table VIII shows the 95% CL limits on the neutrino mass as well as the mean values and 95% CL associated errors on the remaining cosmological parameters explored here for each of the three possible cluster mass bias from lensing considerations. Notice that the values of the clustering parameter σ 8 are smaller, lying 1 − 2σ away from the values obtained in the case of a freely varying cluster mass bias 1 − b. A lower value of σ 8 implies smaller clustering. A larger value of the neutrino mass would therefore be favoured, in order to suppress the small-scale clumping. Indeed, from the results depicted in Table VIII , one can notice that the CMB lensing cluster mass prior is the one which leads to the largest bounds on the value of the total neutrino mass, as it suggests the lowest value of σ 8 . Nevertheless, the CMB and SZ data combination do not find evidence for a non-zero neutrino mass. The impact of the cluster mass bias prior in the neutrino mass constraints can be also inferred from the results depicted in Fig. 4 , where it can be noticed that the four weak lensing cluster mass bias priors lead to a much larger degeneracy than for the free prior case, indicating a tension between primary CMB and SZ measurements of σ 8 . The most extreme case corresponds to the CMBlens case, in which clusters would be much less massive than what primary CMB data seems to indicate, pointing therefore to a small value of σ 8 , which in turn is translated into a relatively loose 95% CL constraint of m ν < 0.669 eV. On the other hand, the WtG cluster mass bias prior would indicate more massive clusters, and therefore the former limit is slightly tightened to m ν < 0.531 eV, at 95% CL.
The effects of the SZ prior in extended models (in which additional massless or massive species are also considered) are shown in Tables IX and X, from which we notice that, as in the ΛCDM-m ν scenario, the most constraining data set is the one from the combination of Planck pol, BAO, H073p0 and SZ data. 68% and 95% CL allowed regions in the combined two-dimensional planes for the parameters Ωch 2 , ns,H0, σ8 and τ , together with their one-dimensional posterior probability distributions, arising from the combination of Planck pol plus BAO, Planck pol plus H073p0 and Planck pol plus SZ measurements.
C. The reionization optical depth τ
The questions of when and how did cosmic reionization take place are still open issues which can be investigated via different cosmological and astrophysical observations. CMB measurements provide the most convincing constraints via the integrated optical depth τ , whose mean value is τ 0.078, from recent Planck temperature and polarization 2015 measurements [1] . In the simplest model of reionization, the so-called instantaneous reionization scenario, the former mean values would imply a reionization redshift 8 < z reio < 10. However, high-redshift quasar absorption spectra [29] and observations of Lyman α emitters [30, 31] seem to conclude that the reionization redshift is z reio ∼ 7. Due to the fact that these cosmological and astrophysical estimations of the reionization redshift seem to indicate slightly lower values of τ (z reio 7 would correspond to τ = 0.05) than those recently quoted by the Planck collaboration, we shall explore here the impact of a prior based on a lower value of τ . We shall assume in the following priors on τ of 0.05 ± 0.01 and 0.06 ± 0.01, which would approximately lead to z reio = 7 and z reio = 8, and we shall refer to these priors as tau5 and tau6 respectively. Tables XI and XII show the constraints on the total neutrino mass after considering such priors on the reionization optical depth τ from future cosmological and/or astrophysical measurements. Notice that the most stringent data combination used here (i.e. the one arising from Planck pol, BAO, H073p0 and SZ measurements) will provide a 95% CL bound on m ν of 0.0993 eV, assuming a prior on τ = 0.05 ± 0.01. Following the latest neutrino oscillation physics analyses [32] , the minimum total neutrino mass in the inverted hierarchy is m ν = 0.0982 ± 0.0010 eV. Since the constraint could be biased by the tension of the H073p0 prior with the Planck results, we repeated the analysis with the same combination of data but excluding this prior. We have found a constraint of m ν < 0.0926 eV at 90% CL., i.e. still hinting for a cosmological tension for the neutrino inverted hierarchy. Therefore, such a prior on τ could imply that with current data we are already able to test the neutrino mass hierarchy, albeit in a not significant way. If future combined measurements of the reionization optical depth agree with the astrophysical expectations, cosmology could offer a window to test the neutrino mass hierarchy.
IV. CONCLUSIONS
Cosmological limits on neutrino masses rely strongly on the particular choice of the low redshift observables which are used in combination with Cosmic Microwave Background (CMB) measurements. Here we have examined the different limits in the sum of the three active neutrino masses as well as on the possible extra sterile states (both in its massless and massive versions) arising from different existing priors on the Hubble constant and the cluster mass bias.
In the Hubble constant case, the prior on H 0 from a reanalysis of [18] , H 0 = 70.6 ± 3.3 km s −1 Mpc −1 , and dubbed here as H070p6, leads to larger upper bounds on m ν than the recalibrated value of Riess et al [15] (H 0 = 73.0 ± 2.4 km s −1 Mpc −1 ), due to the anticorrelation between the Hubble constant and the neutrino mass.
When additional sterile neutrino species are also considered in the analyses, the constraints on N eff obtained with the H070p6 prior are very similar to those obtained from the combination of CMB measurements and Baryon Acoustic Oscillation data. However, in the case of the other possible H 0 prior and neglecting polarisation data, an extra sterile massless or massive neutrino is allowed at the ∼ 2σ level. Therefore, polarisation measurements are essential to ensure the robustness of the bounds on N eff .
In the case of the Planck Sunyaev-Zeldovich (SZ) Cluster catalog, the crucial prior is the cluster mass bias, taken as constant. If the cluster mass bias parameter is allowed to freely vary, we obtain the tightest 95% CL neutrino mass constraint found here, which is m ν < 0.126 eV, and arises from the combination of Planck pol, BAO, the H073p0 prior and SZ data. We have explored as well other estimates of the cluster mass bias, as those coming from weak lensing measurements. For these cases the value of the clustering parameter σ 8 is smaller and lies 1 − 2σ away from the values obtained in the case of a freely varying cluster mass bias. This implies smaller clustering and, consequently, a larger value of the neutrino mass is allowed: the 95% CL upper bounds on m ν range from 0.669 eV to m ν < 0.531 eV. Therefore, the tension between the measurements of σ 8 from Planck and from SZ clusters is translated into a large range of possibilities for m ν .
Another tension is that related to CMB and astrophysical measurements of the reionization optical depth. While the former prefers a higher τ (and consequently, a reionization redshift z reio 8 − 10), Lyman α and quasar data point to a lower value, z reio 7. Assuming the discrepancy between these two measurements of τ is solved, we illustrate here the cases z reio = 7 and z reio = 8 by imposing priors on τ of 0.05±0.01 and 0.06±0.01. Interestingly, for the lower prior case, and after combining Planck pol with BAO, H073p0 and SZ data, a 95% (90%) CL bound on m ν of 0.0993 (0.0788) eV is obtained, values which lie in the range in which a cosmological measurement of the neutrino mass hierarchy is at reach. This result is robust against the choice of the H 0 prior, as using instead the H 0 = 70.6 ± 3.3 km s −1 Mpc −1 measurement for the Hubble constant with the same data sets quoted above and the tau5 prior, the 90% CL constraint on m ν is 0.0962 eV. Removing the H 0 prior would result in a bound of m ν < 0.0926 eV at 90% CL.
Given the current spread of values in the low redshift priors considered, it is clearly reasonable to ask if these priors could be of any use for current precision cosmology. In case of the H0 prior, a better understanding of the several anchors, as discussed in [18] , is mandatory. However, considering a large number of priors, without preferring one value over another, as we performed in this paper is probably the best way to present the results and avoid biases from the choice of a single, low redshift prior. Moreover, none of the priors considered suggest the presence of a neutrino mass and they are all compatible with the results coming from a Planck+BAO analysis that provides the strongest constraint on neutrino masses. 
